Recurrence and metastasis are frequently observed after radiotherapy for hepatocellular carcinoma (HCC), although upregulation of matrix metalloproteinases (MMPs) and vascular endothelial growth factor (VEGF) induced by radiation has been claimed to be involved, the mechanism is not clarified yet. In the present study, by using MHCC97L, a human HCC cell line with metastatic potential, and its xenograft in nude mice, we found that radiation induced a 48-to 72-h temporary increase in the expression of MMP-2 and VEGF both in vitro and in vivo, but only the in vitro invasiveness of MHCC97L cells was enhanced, while the in vivo metastatic potential of tumors was suppressed. Whereas, 30 days after radiation, when the expression of MMP-2 and VEGF decreased to unirradiated control levels, the in vivo dissemination and metastatic potential of residual tumors have just begun to increase with overexpression of TMPRSS4, which induced loss of E-cadherin through induction of Smad-Interacting Protein 1 (SIP1), an E-cadherin transcriptional repressor, and led to epithelial-mesenchymal transition (EMT). This process was blocked by treatment of siRNA-TMPRSS4. In conclusion, our study revealed novel findings regarding the biphasic effect of radiation on the metastatic potential of residual HCC. Overexpression of TMPRSS4 has a critical role in radiation-induced long-term dissemination and metastasis of residual HCC by facilitating EMT. These findings may provide new clues to suppress the radiation-induced dissemination and metastasis, thereby improve the prognosis of HCC patients.
Introduction
Recent advances have made radiotherapy to be one of the therapeutic options of unresectable hepatocellular carcinoma (HCC). [1] [2] [3] However, even with high dose of radiation and improving delivery method, a significant number of HCC patients still have local failure and exhibit a substantially higher rate of distant metastasis than those who achieve permanent local control. Similar observations have also been found in the clinical study of other tumors. 4 In Lai et al. 5 study, distant metastasis was developed in 33% of the patients after radiation for prostate carcinoma. And the study by Bonner et al. 6 showed that the 2-year cumulative rate of incidence of distant metastases, mostly in the lungs and bones, was as high as 17% after high-dose radiotherapy for squamous-cell carcinoma of the head and neck. Therefore, to improve the effect of radiotherapy, addition of chemotherapy to radiotherapy is now the standard for locally advanced tumors and improves the survival of patients. However, as the mechanism of radiationinduced metastasis has not been identified and drugs are not directly targeted at related molecules, in many studies including Bonner's, 6 even adding chemotherapy to radiotherapy has no effect on distant metastases.
Since the first major work examining the effect of local radiation on distant metastasis in 1949 by Kaplan and Murphy, 7 a variety of studies have been performed, and several possible mechanisms have been suggested, including DNA changes, abscopal effects, microvascular damage and tumor necrosis induced by the radiation therapy; [8] [9] [10] [11] however, convincing data are not yet available. Recent studies have shown that radiation can enhance the invasiveness of a variety of cancer cells in vitro by activating several genes, such as matrix metalloproteinases (MMPs) and vascular endothelial growth factor (VEGF), 12 both of which have a vital role in tumor progression. And inhibition of radiationenhanced MMPs protein expression significantly suppressed radiation-induced invasion. 13 But whether it will cause increased frequency of metastasis in vivo is still not clarified. Furthermore, in some studies the invasiveness of cancer cells appears to be inhibited or unaffected by radiation. 14, 15 Therefore, it is necessary to elucidate the effect of radiation on the invasion and metastatic potential of cancer cells, as well as the relevant molecular mechanisms involved. The better understanding of radiotherapy on cancer biology will certainly provide clues for intervention and improve the outcome of radiotherapy.
In this work, we investigated the effects of radiation on the invasion and metastatic potential of HCC and analyzed the underlying mechanism. To rule out the influence of radiation on tumor load and immune system, which may affect the metastasis, reimplantation of residual cancer after radiation and their unirradiated control counterpart were specially designed for the study of metastatic potential of residual HCC after radiotherapy.
Materials and methods
Reagents and cell culture MHCC97L cell line was used in this study. MHCC97L cell line is a human HCC cell line with metastatic potential, derived from MHCC97 HCC cell line. 16 Cells were maintained in Deulbecco's Modified Eagle Medium, supplemented with 10% fetal bovine serum and 1% streptomycin/penicillin at 37 1C with humidified 95% air and 5% CO 2 . All MMP-2-related experiments were done under serum-free conditions.
Animals and tumor model
Male BALB/c nu/nu mice, 4-6 weeks old, were obtained from Shanghai Institute of Materia Medica, Chinese Academy of Science. All studies on mice were conducted in accordance with the National Institutes of Health 'Guide for the Care and Use of Laboratory Animals' and were approved by Shanghai Medical Experimental Animal Care Committee. A patient-like human HCC nude mouse model that established (by orthotopic inoculation of histologically intact MHCC97L tumor tissue into the liver) in authors' institution was employed. Each group contained 12-18 mice.
Radiation
For in vitro study, cells were grown to 70% confluence and were irradiated with different doses (0, 4 or 8 Gy) of 6 MV X-ray at room temperature using a linear accelerator at a dose rate of 200 MV per minute. For in vivo study, when the intrahepatic tumor grew to the maximal diameter of 1.0-1.5 cm and was palpable, radiation port was designed on the basis of tumor location. Mice were anesthetized and immobilized to make the tumor area exposed, whereas the remainder of the body including a partial normal liver was shielded by lead. The tumors were irradiated with 9 MV electrons at 2 Gy per fraction, 5 days per week for 2 weeks, using a radiation field of 20 Â 20 mm, which covered the entire tumor.
In vitro matrigel invasion assay Invasiveness of MHCC97L cells was measured by the invasion of cells through Matrigel-coated transwell inserts (Corning, Corning, NY) as previously described. 17 Briefly, transwell inserts with 8 mm pores were coated with Matrigel (40 mg per well; Becton Dickinson, Bedford, MA). A total of 1 Â 10 5 cells were added to the upper chamber, suspended in 100 ml of Deulbecco's Modified Eagle Medium. The lower chamber was filled with 600 ml of Deulbecco's Modified Eagle Medium supplemented with 0.1% bovine serum albumin. After attaching the cells to the insert, the medium in the upper chamber was changed to serum-free medium and was exposed to radiation. After 48 h of incubation, the cells on the upper surface were removed using a cotton bud. The remaining invaded cells were fixed and stained with 0.1% crystal violet for 1 h at room temperature. Finally, invaded cells were counted at Â 200 magnification in five different fields of each filter. Experiments were repeated for three times.
Gelatin zymography MHCC97L cells grown to 70% confluence were washed and refreshed with serum-free Deulbecco's Modified Eagle Medium, and then were irradiated and incubated for 24, 48, 72 and 96 h. The supernatant of the unirradiated and irradiated MHCC97L cells was collected and concentrated to 2 mg ml À1 . Samples were added to each lane and subjected to 10% SDS-PAGE using 10% polyacrylamide gel containing 1 mg ml À1 gelatin. After electrophoresis, the gel was washed in 2.5% Triton X-100, and incubated in 50 mM Tris-HCl buffer (pH 8.0) containing 0.5 mM CaCl 2 and 1 mM ZnCl 2 at 37 1C for 20 h. The gel was stained with 0.5% Coomassie Brilliant Blue R-250 and destained with destaining buffer (10% acetic acid and 45% methanol).
RNA isolation and quantitative RT-PCR
Total RNA was extracted from tumors using Trizol reagent (Invitrogen, Carlsbad, CA). In all, 2 mg of total RNA was reverse transcribed using RevertAid first strand cDNA synthesis kit (Fermentas, Glen Burnie, MD). TMPRSS4 mRNA expression was quantified using the SYBR Green PCR MASTER MIX kit (Takara, Otsu, Japan) and ABI PRISM 7300 Sequence Detection System, Foster City, CA. PCR amplification cycles were programmed for 2 min at 50 1C and 10 min at 95 1C, followed by 40 cycles of 95 1C for 15 s and 60 1C for 1 min. The efficiency of cDNA synthesis was estimated by PCR with b-actin-specific primers. The following sense (S) and antisense (AS) primer were used in the RT-PCR reactions: Then probed with anti-mouse/rabbit/goat IgG (Chemicon) at 1:10 000 dilution for 1 h. The blots were developed using an enhanced chemiluminescence (ECL) kit (Pierce, Rockford, IL). Each experiment was repeated at least for three times.
Immunohistochemistry
Immunohistochemistry was carried out using a two-step protocol. Briefly, after microwave antigen retrieval, tissues were incubated with primary antibodies for 60 min at room temperature, and were incubated with secondary antibody for 30 min. The sections were developed in diaminobenzidin solution under microscopic observation and counterstained with hematoxylin. Negative control slides with the primary antibodies omitted were included in all assays.
siRNA design and assay MHCC97L cells were incubated without antibiotics for 24 h before transfection. Control siRNA labeled with FAM and specific TMPRSS4 siRNA were mixed with Lipofectamine2000 (Invitrogen) according to the manufacturer's recommendation and added to the cells. After 6 h at 37 1C, the medium was changed and the cells were cultured in RPMI 1640 supplemented with 10% fetal bovine serum. Transfection efficiency was observed under a fluorescence microscope. The silencing level of TMPRSS4 was determined by western blot 48 h after transfection. To minimize the off-target effect of RNAi, three TMPRSS4 siRNAs that have been demonstrated capable of suppressing TMPRSS4 expression were mixed together as a pool that was named siRNA-TMPRSS4. The sequences for the three siRNAs were siRNA-1, sense Immunofluorescence assay TMPRSS4 expression in MHCC97L cells transfected with siRNA-TMPRSS4 or siRNA-NC was detected by immunofluorescence assay. Briefly, 48 h after transfection, cells cultured on glass slides were fixed by acetone for 15 min. After treated with 0.2% Triton X-100 for 2 min, the fixed cells were blocked with bovine serum albumin and stained with rabbit anti-human TMPRSS4 fluorescein isothiocyanate conjugated monoclonal antibody (1:200; Chemicon) for 1 h at 37 1C. After rinsing in phosphate-buffered saline, the slices were counterstained with DAPI (Vector Laboratories, Burlingame, CA) and examined under fluorescent microscope (Olympus BX-40, Tokyo, Japan). Each experiment was repeated at least for three times.
Tumor regrowth and metastasis assay
In vivo study, the irradiated mice and their unirradiated control group were killed 2 and 30 days after radiation and the residual tumors were resected and prepared to the same size of 1 Â 2 mm, then were reimplanted into the liver of other normal nude mice. The mice were treated with siRNA-TMPRSS4 twice weekly (0.5 mg kg À1 body weight) by tail vein injection after tumor reimplantation, whereas the mice in control group were treated with siRNA-NC. Six weeks after the implantation, animals were killed and autopsied. Tumor volume (V ) was measured with calipers and was calculated as V ¼ ab 2 /2, where a is the longer and b is the shorter of two orthogonal diameters. 18 The lungs were removed for standard histopathological examinations. Serial sections were made for every tissue block of the lung, and frequency of lung metastases was counted under the microscope. Other organs suspected of tumor involvement were also sampled for histopathological studies.
Statistical analyses
Statistical analyses were performed by SPSS 13.0 for windows (SPSS, Chicago, IL). The w 2 test, Fisher's exact probability and Student's t-test were used for comparison between groups. If variances in groups were not homogeneous, the non-parametric Mann-Whitney U-test was used. All tests were two-tailed, and data were considered to be statistically significant at Po0.05.
Results

Radiation-enhanced invasiveness of MHCC97L cells in vitro
Before investigating the effect of radiation on invasiveness of MHCC97L cells, we first examined the effect of radiation on proliferation of cells using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay as described in previous study. 19 Radiation suppressed the proliferation of HCC cells in a dosedependent manner and almost completely inhibited the proliferation at a dose of 8 Gy.
Changes in the invasiveness of HCC cells after radiation were examined by using the Matrigel invasion assay.
The invasiveness of MHCC97L cells was significantly increased after radiation in a dose-and time-dependent manner, the highest rate (fourfold greater compared with unirradiated controls) was seen 48 h after 8 Gy radiation (Po0.05; Figure 1) . But 96 h after radiation, there was no significant difference in the invasiveness between the radiated and unirradiated HCC cells.
Radiation increased MMP-2 activity
To determine the role of gelatinases in the radiationinduced invasiveness, the conditioned medium was collected 24, 48, 72 and 96 h after radiation and was subjected to gelatin zymography. Zymographic analysis revealed a time-and dose-dependent increase in enzyme activity of MMP-2 in conditioned medium of irradiated cells, attaining a maximum at 48 h after 8 Gy radiation (Figure 2a) . Consistent with the changes of cell invasiveness, MMP-2 activity also began to decrease after that and dropped below the control level after 72 h. These results suggest that the increased MMP-2 activity may have a role in the radiation-enhanced temporary invasiveness in vitro. 
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The expression of MMP-2 and VEGF in irradiated cells was determined by western blot analysis. Compared with unirradiated control group, the expression of MMP-2 and VEGF of the irradiated group was significantly induced after radiation, in a time-and dose-dependent manner, reached the maximum at 48 h after radiation and began to decline after 72-96 h (Figures 2b and c) .
Effects of radiation on MMP-2 and VEGF expression, tumor regrowth, dissemination and metastasis Similarly to in vitro study, the expression of MMP-2 and VEGF in HCC tissues was significantly increased 2 days after radiation but dropped to unirradiated control levels within 30 days (Figure 2d ). To clarify whether the temporary overexpression of MMP-2 and VEGF will promote metastasis in vivo and exclude other factors that may influence metastasis, we specially designed that the irradiated tumors were resected 2 and 30 days after radiation and reimplanted into the liver of other nude mice. Six weeks after reimplantation, the mice were killed to evaluate tumor regrowth, intrahepatic dissemination and metastasis. Compared with control group, both tumor regrowth (1.61 ± 0.51 vs 2.25 ± 0.52 cm 3 , Po0.05; Figure 3a ) and incidence of lung metastasis (Figure 3b ; 12.5 vs 66.7%, Po0.05) were significantly inhibited 2 days after radiation. However, 30 days after radiation, tumor growth recovered (2.60 ± 0.61 vs 2.15 ± 0.71 cm 3 , P40.05; Figure 3a ) and lung metastasis began to increase (63.6 vs 100%, Po0.05; Figure 3b ). Intrahepatic disseminations from tumors 30 days after radiation were also significantly increased than control group, which did not develop any intrahepatic disseminations (18±8.05 vs 0, Po0.05; Figure 3c ).
Morphologic changes of tumors after radiation
Tumors of control group were solitary and developed no disseminations. The control tumors pushed aside the surrounding liver tissue and formed a distinct border between tumor and liver tissue (Figures 4a and b, arrows) . Compared with control group, after reimplantation of the tumors 30 days after radiation, there were many disseminations in the liver, the border between tumor and liver tissue was unclear and some cells turned from round into a spindle-like mesenchymal phenotype (Figures 4c-e, arrows) . Lung metastases were easily observed (Figure 4f ).
Radiation-induced epithelial-mesenchymal transition
As the above-mentioned increases in MMP-2 and VEGF expression did not enhance the metastasis and dissemination, we further investigated the expression of epithelialmesenchymal transition (EMT)-related genes. Western blot analysis showed that 30 days after radiation, tumors displayed significantly reduced E-cadherin expression, whereas E-cadherin expression maintained in the tumors of other two groups (Figure 5a ). Furthermore, SIP1, an E-cadherin transcriptional repressor, 20 and TMPRSS4, which has been proved to induce EMT through ERK1/2 Figure 3 Effect of radiation on tumor regrowth, lung metastasis, intrahepatic dissemination and TMPRSS4 mRNA transcription. (a) The tumor regrowth was significantly inhibited 2 days after radiation (Po0.05), but recovered 30 days after radiation; (b) the incidence of lung metastasis from tumors 2 days after radiation was significantly inhibited (Po0.05), while that from tumors 30 days after radiation was significantly increased (Po0.05); (c) pathological examination showed that the intrahepatic dissemination was significantly increased after reimplantation of tumors 30 days after radiation (Po0.05); (d) quantitative RT-PCR analysis of TMPRSS4 days after radiation. The transcription of TMPRSS4 mRNA was significantly increased 30 days after radiation (Po0.05).
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and MAPK pathway, 21 were significantly induced in tumors 30 days after radiation (Figure 5a ). Other mesenchymal markers, such as N-cadherin and vimentin, were also significantly enhanced in this group (Figure 5a ). Immunohistochemistry and quantitative RT-PCR also confirmed that the expression of TMPRSS4 was highly TMPRSS4 siRNA inhibited radiation-enhanced dissemination and metastasis To clarify the role of TMPRSS4 in radiation-induced EMT, a pool of siRNA-TMPRSS4, which was effective in suppressing TMPRSS4 expression (Figure 6a ), was given twice weekly by tail vein injection for 6 weeks. The results showed that, compared with control group, siRNA-TMPRSS4 significantly inhibited the radiationinduced expression of TMPRSS4 and SIP1 (Figure 6b) , and abolished the intrahepatic dissemination lesions (0.88 ± 1.13 vs 18 ± 8.05, Po0.05). Furthermore, western blot and immunohistochemistry demonstrated that the expression of E-cadherin was enhanced in siRNA-TMPRSS4-treated group than in control group (Figures  6b and c) . These results suggest that radiation-induced EMT may be mediated by overexpression of TMPRSS4.
Discussion
Converse data have been reported concerning whether radiation enhances metastatic potential of residual cancer.
In a review by Von Essen, 22 the data from 41 different experiments were gathered to examine the effect of local irradiation on distant metastases. Though most of these experiments demonstrated a greater metastasis load after irradiation; however, some still showed a decreased metastasis load. In addition, in many of these studies, the mice were examined for metastases when moribund, and because irradiated mice had lower tumor load and longer survival times than unirradiated control mice, the increased incidence of metastases after irradiation may primarily be a result of the prolonged survival.
In our study, in order to investigate the direct effect of radiation on the metastatic potential of residual HCC, and exclude the influence of radiation on tumor load and immune system, the reimplantation of the same size of short-term (2 days after radiation) and long-term (30 days after radiation) residual cancer after radiation was specially designed. Different to the previous studies, we found a biphasic effect of radiation on metastasis. In short, 2 days after radiation, the regrowth and metastatic potentials of residual tumors were significantly inhibited; while 30 days after radiation, not only tumor growth recovered, but the potential of dissemination and metastasis also begun to increase. These findings were similar to the clinical observation that dissemination Figure 6 (a) Immunofluorescence and western blot analysis showed that compared with negative control siRNA (siRNA-NC) treatment group, siRNA-TMPRSS4 significantly inhibited the expression of TMPRSS4 in MHCC97L cells; (b) western blot analysis showed that siRNA-TMPRSS4 significantly inhibited radiation-induced upregulation of TMPRSS4 and SIP1, and enhanced the expression of E-cadherin (Po0.05); (c) immunohistochemistry showed that the tumor expression of E-cadherin was significantly higher in siRNA-TMPRSS4 group (B) than in siRNA-NC group (A).
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Recently, several studies have demonstrated that radiation can promote the in vitro invasion of cancer cells by activating several genes involved in tumor invasion and metastasis. Jadhav 23 has reported that radiation enhances the invasiveness of human neuroblastoma cells in association with enhanced expression or activity of MMP-9 and VEGF. Cheng's 24 study also indicates that radiation-enhanced invasion capability is evident in HCC cells through upregulation of MMP-9, which he supposed to be correlated with metastasis due to radiotherapy in clinical practice. Similarly to the previous studies that only investigate the short-term effect of radiation on cancer cells in vitro, our in vitro study also found a 48-to 72-h increase in the expression of MMP-2 and VEGF as well as the invasiveness of HCC cells. However, whether these temporary increases induced by radiation will contribute to the in vivo metastasis of HCC needs to be clarified.
Therefore, in our in vivo study, the effects of radiation on MMP-2 and VEGF were also studied. The expression of MMP-2 and VEGF in HCC tissues was increased 2 days after radiation, but dropped to unirradiated control levels within 30 days. These findings are compatible with the clinical observation of Speake, 25 who found in clinical practice that radiation increased MMP expression was short lived and limited to a matter of days as opposed to weeks. To our surprise, the change in the expression of MMP-2 and VEGF was not in accordance with the metastatic potential, which was significantly inhibited 2 days after radiation and begun to enhance 30 days after radiation. This indicates that there may be some factors other than MMP-2 and VEGF that are involved in the radiation-induced late-stage metastasis and dissemination.
In our ensuing study, we detected a reduced expression of E-cadherin and upregulation of mesenchymal markers, including N-cadherin and vimentin, in tumors 30 days after radiation, together with some morphologic changes of tumors, such as no distinct border between tumor and liver tissue, a spindle-like mesenchymal phenotype change, and increased intrahepatic disseminations and lung metastasis. All these findings were highly suggestive of EMT, and were not observed in tumors 2 days after radiation. This suggests that EMT is induced by radiation after a period of time.
EMT is a process implicated in the conversion of earlystage tumors to invasive malignancies whereby epithelial cell layers lose polarity and cell-cell contact and undergo a dramatic remodeling of the cytoskeleton. 26, 27 Induction of EMT in tumors will result in weakened intercellular adhesion and enhanced cell motility, thereby allow tumor cells to metastasize and establish secondary tumors at distant site. 28 For radio-oncologist, radiation-enhanced cell motility is an important fact should not be ignored, because increase in motility will lead to a local evasion of tumor cells from the target field without receiving an appropriate radiation dose, and may thus be a source of local recurrence and distant metastasis. The mechanism underlying radiation-enhanced motility varies in different cells; it can not only be directly enhanced through Rac or FAK signaling pathways, 29, 30 but can be induced by hypoxia-mediated upregulation of urokinase-type plasminogen activator receptor. 31 In our study, radiationinduced EMT is the main cause of enhanced cell motility and blocking the process of EMT can drastically suppress cell motility and dissemination.
Until recently, the association between radiation and EMT has not been intensively investigated, and only a few studies have examined the underlying mechanism. Andarawewa 32 has proved that radiation can predispose non-malignant human mammary epithelial cells to undergo transforming growth factor-b mediated EMT through MAPK signaling pathways, thereby elicits heritable phenotypes that could contribute to neoplastic progression. Studies of Tsukamoto et al. 33 also indicate that radiation can induce EMT through promoting the expression of Twist, an organizer of EMT, thus enhance the invasive potential of endometrial carcinoma cells.
In our study, 30 days after radiation, we observed strong SIP1 induction in TMPRSS4-overexpression tumors. TMPRSS4 is a novel type II transmembrane serine protease found at the cell surface and is highly expressed in a variety of cancer tissues. 21, 34 SIP1 is one of the prominent EMT-inducing regulators that repress E-cadherin transcription via interaction with specific E-boxes of the proximal E-cadherin promoter. 35 Since siRNA-TMPRSS4 has been proved to inhibit radiationinduced expression of TMPRSS4 and SIP1, thereby enhance E-cadherin expression and suppress radiationenhanced dissemination and metastasis in our study, we speculate that radiation-induced EMT may be mediated by TMPRSS4-induced SIP1. Though it is well established that TMPRSS4 can activate SIP1 and stimulate EMT via MAPK signaling pathway, 21, 36 it is the first time by our study to demonstrate that TMPRSS4 is involved in radiation-induced EMT. However, since we could not rule out the possibility of other E-cadherin regulators such as Snail, Slug and Twist that may be involved in radiation-induced EMT, further study is essential to elucidate the mechanism involved in radiation-induced EMT.
Importantly, radiation-induced EMT and enhancement in dissemination and metastasis in our study are observed at doses used clinically as a fractionated radiation for tumors. Therefore, possibility of metastasis due to radiotherapy deserves serious attention in clinical practice, and additional work is needed to eliminate the adverse effect of radiation. According to our results, one of the most important strategies is targeting TMPRSS4. Furthermore, since loss or reduction of E-cadherin expression is a key hallmark of EMT, 26 it is not surprising that treatment aimed at enhancing the expression of E-cadherin will also suppress irradiation-induced metastasis. And the observation that induction of EMT begins 30 days after radiotherapy implies that chemotherapy aimed at inhibiting radiation-induced metastasis should be administered as early as possible since clinical standard Radiation enhances long-term metastasis of HCC T Li et al treatment protocol of fractionated therapy usually takes 4-6 week to finish. In addition, though temporary increases in MMP-2 and VEGF expression do not promote the metastasis of radiated tumors, they may be a paracrine proliferative stimulus to accelerate the growth of microtumors not included in the radiotherapy field, so temporary MMP-2 or VEGF inhibition around radiotherapy may also have additional benefits. To sum up, our study reveals novel findings regarding the biphasic effect of radiation on the metastatic potential of residual HCC and the related molecular mechanism involved, and may have significant implications for the radiotherapy of HCC as well as for cancer treatment in general. The observation that radiation can enhance longterm metastatic potential of residual HCC through TMPRSS4-induced EMT will provide new clues to suppress the post-radiation disseminations and metastasis, thereby improve the prognosis of HCC patients.
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